A series of alkylglycosides has been evaluated on human cell lines to determine its ability to open cellular tight junctions. Alkylglycosides were applied to cell monolayers; the resulting change in resistance was determined by transepithelial electrical resistance measurements. Change in resistance across cell monolayers is an indication of tight junction activation, whereas subsequent increase in resistance signifies monolayer recovery. Of the 13 alkylglycosides tested, 4 caused irreversible solubilization of cell membranes, 5 allowed a partial recovery of the monolayer after a relatively rapid reduction in resistance, and 4 induced a decrease in resistance with more complete cell recovery. Alkylglycosides allowing extensive cell recovery after removal may indicate tight junctions' activity dominance over membrane fluidity. Repeated application of alkylglycosides for 6 hours lowered resistance across cells, which returned to near-normal values after a recovery period of 48 hours. A model dye was transported across the cell monolayer only in the presence of an alkylglycoside, although recovery of cells was incomplete. Activity of the alkylglycosides was unrelated to either the carbon chain length or to the carbohydrate moiety. A direct correlation was established between the concentration of applied alkylglycoside and reduction in resistance over a constant time period. Dodecylmaltoside and octylglucoside were found to be optimal in decreasing resistance at low concentrations and allowing significant recovery of cells. Therefore these 2 alkylglycosides may be useful i n facilitating drug transport across biological membranes.
INTRODUCTION
Delivery of protein and peptide drugs, including some of the recently introduced biotechnology drugs, must usually be accomplished through the parenteral route. Other potential routes have been the targets in formulation research for some years; however, transport across mucous membranes usually results in low bioavailability. Permeability-enhancing agents may be useful in facilitating transport of these problematic drugs across biological membranes.
In one approach to finding a suitable permeability candidate as an adjuvant, various administration routes were investigated for insulin [1] [2] [3] [4] , using formulations containing surfactants or bile salts as permeability enhancers. It was found that such agents required relatively high concentrations for successful cell membrane disruption. In other studies, the effects of nonionic surfactants-polysorbates 20, 60, and 85; cholesteryl polyoxyethylene ether; and lanolin-based polyoxyethylene ether-were observed on Caco-2 cell monolayers. Although the agents were active as absorption enhancers, increased permeability resulted from solubilization of membrane and membrane components [5] . An intestinal perfusion model showed that a variety of agents, including sodium dodecyl sulfate and nonylphenoxpolyoxy-ethylene, were effective in aiding the transport of the polar agent phenol red. However, these agents caused intestinal wall damage in situ [6] .
Clinical trials using a formulation of insulin plus deoxycholate, glycocholate, or taurocholate indicated that such agents need t o be administered in high concentrations, causing local irritation that implies cell toxicity [7, 8] .
Dodecylmaltoside, an alkylglycoside, has been successful in mediating nasal and ocular absorption of LysPro insulin to rats [ 9] . The low concentrations required to enhance the delivery of insulin [ 10 ] suggested that there might be other candidates within Under ideal conditions, a permeability enhancer would activate intercellular tight junctions , allowing a drug to pass through without damage to cells, therefore allowing them a timely recovery. The hypothesis proposed was that suitable alkylglycosides would transiently activate opening of tight junctions when used at low concentrations, subsequently allowing them to close after removal, leading to a rapid recovery of cells. This would suggest that paracellular transport was dominant and cell membranes were not solubilized to a degree that caused damage. The aim of this investigation was to evaluate a series of alkylglycosides by using 2 cell culture models that record the change in resistance across cell monolayers. Alkylglycosides consist of a series of nonionic surfactants of alkyl chain lengths of between 5 and 13 carbons attached to either a monosaccharide or disaccharide of a molecular weight between 264 and 538 [11] (Table 1) . NEAA and 0.01% gentamicin. Cells were maintained at 37°C in an atmosphere of 5% CO 2 .
MATERIALS AND METHODS

Materials
Cells
were passaged by rinsing with calcium/magnesium-free HBSS, then adding 0.25% trypsin/1 mM EDTA for 1 to 1.5 minutes. After aspiration, cells were placed in an incubator at 37°C for 15 minutes, after which medium was added to detach the monolayer. Cells were reseeded in new flasks at 1 10 4 cells/mL. These cells were passaged approximately once every 5 days depending on their advancement in the log-phase of growth. Medium was changed every 2 to 3 days. Cells were transferred to permeable polyester filters (surface area 1 cm 2 
Monolayer Integrity
Resistance across cell monolayers was measured every 24 hours by TEER after the cells had become confluent. The measuring instrumentation consisted of an Evom Epithelial voltohmmeter and an Endohm tissue resistance measurement chamber (World Precision Instruments, Sarasota, FL). The voltohmmeter attached to the chamber (capable of accommodation a 6-, 12-, or 24-mm diameter well) provided reproducible resistance measurements of cell monolayers in culture wells. Wells containing cells were transferred to the Endohm chamber and a cap placed in position. Both chamber and cap contained a pair of concentric electrodes consisting of a voltagesensing silver/silver pellet in the center, plus an annular current electrode. The height of the top electrode is adjustable to fit cell culture wells to the correct depth and allow a uniform current density to flow across the well membrane and cell monolayer. Because of the uniform density of the alternating current (AC) square wave, current from the voltohmmeter or membrane capacitance was largely eliminated. High resistance measurements (this means a high-resistance measurement.) indicated that cells were closely packed and forming tight junctions. Blank calibration wells were used to determine background resistance. Resistance of cell monolayers was determined as resistance minus backgrounds multiplied by the surface area of the insert in ohm cm 2 . HT-29Cl.19A and T-84 cells were used at resistance readings of between 800 and 1000 ohms cm 2 .
Addition of Alkylglycosides
Cells were maintained in serum-free medium for 24 hours before adding alkylglycosides. All experiments were conducted at 37°C, and cells were allowed to attain a steady resistance reading before alkylglycosides, dissolved in medium, were applied. This stock solution (1%) was added to the apical cell medium to give accumulated final concentrations. In the first set of experiments, additions were made to give final concentration from 0.001% to 1% added at 5-minute intervals and washed after 20 minutes. The maximum concentration of alkylglycoside used during recovery time trials did not exceed 0.1%. Further addition ceased when the resistance across cell monolayers decreased by at least 80% to 90%, as recorded by TEER measurements. Cells were washed twice with HBSS, fresh medium added, and allowed to recover at 37°C. For the time course effects on cells alkylglycosides were added at final concentrations of 0.01%, 0.05%, 0.10%, 0.50%, and 1.0% at 0, 5, 10, 15, and 20 minutes when resistance was recorded.
Repeated Addition of Alkylglycosides
Cells were exposed to dodecylmaltoside and octylglucoside (0.1%) for a 20-minute period every 2 hours for a total of 6 hours. After each application, cells were washed with HBSS and monitored for recovery by TEER for 48 hours. Time to cell recovery was measured after the final application of alkylglycoside had been removed.
Transport of Model Dye
Brilliant blue (0.25 mg/mL) was added to T -84 cell monolayers in the absence and presence of dodecyglucoside and octylglucoside (0.06%).
Resistance across the cell monolayer was recorded by TEER. After addition of alkylglycosides and dye, the cells were kept at 37°C. Samples (1 mL) were taken under sink conditions at 2, 5, 10, 15, 20, 30, and 45 minutes. Samples were diluted with 5 mL HBSS and analyzed for dye on a Beckman DU-65 spectrophotometer (Beckman Coulter, Inc., Fullerton, CA.) at 630 nm. Cells were washed with HBSS and incubated for recovery.
RESULTS
The effective concentration of alkylglycosides required to open tight junctions with minimal disruption of membrane components was between 0.01% and 0.1%.
Above this concentration, cells showed little evidence of recovery. When hexylmaltoside, nonylmaltoside, nonylglucoside, and tetradecylmaltoside were each applied to T -84 and HT-29Cl19A cells, they lowered resistance by more than 80% in 8 minutes at 0.01%. These agents were not investigated further because after removal of alkylglycoside no significant increase in resistance was observed over a period of 18 hours, indicating no recovery of cells (Table 2) .
Decylmaltoside, tridecylmaltoside, hexylglucoside, decylglucoside, and dodecylglucoside showed no significant effect at 0.01%. At 0.1%, resistance was lowered by 90% in 12 minutes. Only partial recovery of cells occurred within 18 hours (Table 2) , which was not deemed significant enough for further investigation.
After applying heptylglucoside, octylglucoside, octylmaltoside, and dodecylmaltoside T-84 cells ( Figure  1 ) and HT-29Cl19A cells ( Figure 2 ) for 20 minutes at 0.1%, resistance was lowered resistance over a range of 7% to 95%. There was considerable cell recovery within 18 hours of alkylglycoside removal ( Table 2 ) . Dodecylmaltoside lowered resistance by 95% with a recovery of 90% on T -84 cells and by 88% with a recovery of 90% on HT-29Cl19A cells. This was the most rapid response at the lower concentration observed for this group. After repeated applications of 2 alkylglycosidesoctylglucoside and dodecylmaltoside for 6 hours-cells were observed to partially recover after 48 hours (Figure 4 ) . With each application, resistance was lowered by around 30% in response to octylglucoside addition and 80% with dodecylmaltoside. Within 30 minutes of removal of the agent, both cell lines showed a rapid recovery of 20% to 50%, followed by increasing recovery over 2 hours. With complete removal of the agent after 48 hours, a more efficient recovery of around 90% was observed in cells treated with dodecylmaltoside , whereas octylglucoside-treated cells improved by around 70%.
Addition of the brilliant blue dye alone to T-84 cell monolayers caused no significant change in resistance across cells. It was transported only in the presence of dodecylmaltoside or octylglucoside, which was confirmed by spectrophotometric analysis ( Figure 5) . No difference in the amount transported by the agents was apparent for 30 minutes. After 90 minutes, dodecylmaltoside allowed transport of dye, resulting in a concentration of 9.2 g/mL and a concentration of octylglucoside of 7.6 g/mL. Resistance was decreased by around 80% to 90% over the exposure period, whereas recovery of cells after removal of alkylglycoside plus dye was incomplete, amounting to around 5% after 30 minutes and less than 40% after 18 hours. 
DISCUSSION
Nine alkylglycosides proved unsuitable as permeability enhancers because of solubilization of cell membrane components to various degrees. Disruption of cell membranes at these concentrations appears to be sufficient to prevent reorganization of cell components.
Of the remaining alkylglycosides, 2 maltosides (octylmaltoside and dodecylmaltoside) and 2 glucosides (heptylglucoside and octylglucoside), allowed significant cell recovery after activating tight junctions (Table 2) .
After repeated application of octylglucoside and dodecylmaltoside, cell recovery was incomplete after 48 hours (Figure 4) . The behavior of cells in vitro should give some indication of how alkylglycosides might affect cells in clinical conditions. For meaningful practical use, cell recovery needs to be complete before further application of adjuvant that would require lower concentrations than those used currently.
The brilliant blue dye did not traverse T -84 cell membranes without the a ccompaniment of either octylglucoside or dodecylmaltoside ( Figure 5 ). These alkylglycosides assisted the passage of dye and appeared to activate tight junctions, although some cell solubilization may have occurred. These results are encouraging, and partial cell recovery of only 40% in 18 hours may be the result of the combination of this particular dye and alkylglycoside. A correlation between increasing concentration and lowering resistance has been established (Figures 1 and 2 , Table  2 ).
It seems unlikely that a relationship exists between the structures of these alkylglycosides and their effects. Activity appeared to be unrelated to the carbon chain length or the carbohydrate moiety of the alkylglycoside.
All alkylglycosides under consideration appear to increase fluidity of cell membranes to some degree, and although it was expected that the solubilizing capacity would increase with increasing alkyl chain length, this was not apparent. Nonionic surfactants produce a pronounced decrease in critical micelle concentration (cmc) with increase in hydrocarbon chain length, and there may be a relationship between the cmc of the alkylglycosides and their solubilizing effect [12] .
Claude and Goodenough [13] proposed that resistance across cell monolayers is proportional to the number of strand elements found within tight junctions. It is possible that the various degrees of cell recovery after alkylglycoside application and removal are associated with the graduated regeneration of these strands coupled with extracellular calcium ions.
Partial recovery of cells indicates a more pronounced and lasting effect of the alkylglycosides and may indicate some solubilization of cell membranes. Advanced membrane disruption is suffered by cells that do not recover presumably because the alkylglycoside is irreversibly solubilizing membrane components.
Of the 13 alkylglycosides evaluated, only 2 were found to be suitable candidates for further use. Both dodecylmaltoside and octylglucoside show activity at low concentrations, causing a rapid fall in resistance and a short cell recovery time. These characteristics indicate negligible disruption of cell membranes, suggesting a possible tight junction mechanism.
In the presence of dodecylmaltoside or octylglycoside at low concentrations, the passage of a solute may be enhanced. In cases where drug transport is inefficient because of the compromise of intact drug, these alkylglycosides may help to maintain its therapeutic viability. This project has laid the foundation for further investigation into use of selected alkylglycosides in assisting drug transport across biological membranes.
